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I. ABSTRACT 
An interest in using natural in-stream structures to 
protect bridge embankments from erosion and scour has 
prompted the Utah Department of Transportation 
(UDOT) to study the performance of these structures in 
order to evaluate from an engineering point of view how 
these structures withstand higher than average flows. 
Shallow flow structures are man-made in-stream 
features that generally help concentrate the flow in 
specific parts of the stream, thus reducing the energy 
(erosion and scour) on other parts of the stream.  This 
study focuses on the so-called w-weirs, cross vanes and j-
hooks.  The names are descriptive of the shape these 
features form in the stream.  Their function is also 
relative to their shapes.   
These shallow-flow structures were introduced by 
David Rosgen, author of “Applied River Morphology” a 
book on his theory on river morphology. In the book, Mr. 
Rosgen introduces his concept of river training, showing 
how to apply these structures to improve the stream 
stability and enhance some other characteristics.  The 
shallow flow structures are often made with large rocks, 
root barbs and dead trees or other natural occurring 
materials that can resist stream forces.  Many agencies in 
the US that are responsible to maintain the natural lands 
have adopted these methods for protecting river 
embankments, enhance fish habitats and maintain a 
healthier stream.   
Critics have pointed out that many of these structures 
may not produce the promised results, and that in certain 
cases are failing or showing adverse effects to the 
streams. 
The objective of the study is to define conditions for 
which these non-traditional engineering approaches can 
be successfully applied.  The goal is to provide design 
engineers with another tool to provide the most 
economical and efficient methods for resolving various 
types of channel stability and training problems as well as 
scour problems at bridges. 
Brigham Young University is the principal researcher.  
They are investigating the performance of existing 
structures, modeling selected structures with two-
dimensional hydraulic models to assess stresses, and 
developing guidelines for this modeling process. 
In the last two years, several in-stream structures 
installed in five rivers (the Spanish Fork River, the Provo 
River, the San Pitch River, Thistle Creek and Weber 
River) in Utah have been surveyed, monitored and 
modeled.  Multiple surveys were completed to verify 
movement of the structure elements due to successive 
flood seasons.   All the acquired data is being organized 
in a database to help the researchers understand the 
modes of failure and success of these structures.  The 
findings, though preliminary, are revealing. Specifically, 
the results show how sensitive these structures can be to 
several factors, including workmanship, types of flow, 
and stream-types. They also show that current design and 
construction methodologies must change in order for 
these structures to be used as permanent protection of 
civil infrastructure.   
The peak runoff experienced by the surveyed 
structures in the past two years is much less than the 
typical design flow for bridge scour (one percent or 100-
year flow and the overtopping flow), but they are 
sufficient to give information for the research.  These 
structures were affected by spring runoff flows of twenty 
to five percent annual recurring magnitudes, sometimes 
referenced as the five to twenty-year flood event.  Several 
structures surveyed failed after the 2005 spring runoff.  
Failure occurs when elements of the structure are 
displaced and no longer function as intended or designed.  
Structure designers point out that these structures are 
not designed to withstand the forces from peak stream 
run-off, and failure may be the result of poor installation 
rather than limited applications or techniques. Both of 
these points illustrate limitations of the current practice 
when viewed with civil infrastructure needs in mind.       
Field measurements and two-dimensional models 
illustrate that these structures do have an impact of the 
stream forces for normal flows. Both data types show 
how the stream forces concentrate in parts of the stream 
because of the position of the structure elements.  Shear 
forces increase greatly in the elements interstices.  The 
large majority of structures included in the study indicate 
a susceptibility to failure do to the removal of materials 
from in between and at the base of the elements until they 
are undermine and displaced by the currents.   
The model also showed that these structures become 
invisible as the flow in the stream/river increases. 
It is very difficult to set parameters for an engineering 
design because of the variability of shape and the location 
of the elements in the stream.  Initial results show the 
importance of providing a solid foundation for the 
structures to prevent premature failures. 
II. INTRODUCTION 
Utah Department of Transportation (UDOT) is 
responsible for over 1800 bridge, of which more than 800 
hundred are over water.  Many of these bridges span over 
morphologically unstable streams and rivers.  Some of 
these bridges are vulnerable to the scour forces of 
periodic, violent flows.  Most of the bridges that were 
built more than 30-years ago are not properly protected 
against scour.  Many of these bridges have a high 
potential to be damaged by scour. 
The most common methods to protect these bridges 
from scour damage and failure are rock rip-rap, grout 
bags, cable-tied blocks, gabions, spurs, guide banks and 
other man-made armoring products.  Other scour 
revetments methods that are more conscious of river 
environments, form, and aesthetics are becoming 
prevalent.  These methods are known as shallow-flow 
structures and they consist of installations of rock and 
other natural materials, positioned to train the river to 
concentrate forces from flowing waters to protect 
vulnerable banks and other channel elements. 
A recent emphasis has been made by several agencies 
to utilize natural stream stability enhancement measures 
instead of more traditional engineering responses to 
stabilize river and streambeds against scour. These 
measures include the construction of shallow flow control 
structures, sometimes referred to as Rosgen 
countermeasures, across all or part of the river. Structure 
types include cross-vanes, w-weirs and j-hooks. This 
emphasis comes in response to studies that indicate such 
vanes can be designed to control the location of scour and 
protect bridge abutments (Johnson et.al. 2001, Odgaard, 
1990, Odgaard, 1991)).  
While claims have been made that these structures are 
durable, cost effective, and provide scour stability, the 
necessary case studies have not been documented. 
Several studies indicate a need for more work to 
understand the processes involved (Parola 1997, Yanmaz 
2004).  
Natural stream stabilization methods are particularly 
attractive in Utah.  Utah has four major National 
Parks/Monuments that are visited annually by millions of 
people from all over the world.  The desire is to keep the 
streams attractive and maintain the habitat they are 
famous for. 
UDOT requested Dr. Zundel, from Brigham Young 
University to study the properties of these shallow flow 
structures, by surveying and modeling existing structures 
in two and three dimensional hydraulic computer 
programs. The objective is to understand how these 
structures perform, how they dissipate the river energy 
and under what range of conditions they can protect the 
bridges from scour damage.  The final objective is to 
write a manual for designing these structures for 
protecting riverbanks and bridges. 
A. Definition 
Shallow flow structures studied in this research are:  
o W Weir 
o Cross-vanes 
o J-hook vane 
Following is an engineering description and definition 
of these structures: 
The "Cross-Vane" is a weir structure constructed of 
rock riprap. In plan view it is always curved upstream. 
The structures are most commonly intended to reduce 
flow velocity and shear stress at the stream banks by 
concentrating the flow to the center of the channel.   
The "W Weir" is a doubled up form of the Cross 
Vane Weir and in plan view, as it's name implies, takes 
the form of a "W". The points on the bottom of the W 
face upstream and twin scour holes develop just 
downstream of these points. It could also be described as 
a labyrinth weir constructed of rock riprap. As with the 
Cross Vane the upstream curvature is meant to reduce 
flow velocity and shear stress at the stream banks by 
concentrating the flow to the center portions of the 
channel.   
The "J hook Vane" is a variation of a barb or spur 
dike and in plan view, as it's name implies, takes the form 
of a "J". The curved end of the J faces upstream while the 
straight portion of the J is embedded into the bank. The J 
hook is generally constructed of rock riprap elements 
although Rosgen suggests that it can include logs and 
root wads as well. The curved portion consists of what 
used to be called "fish boulders" and exist in the channel 
as individual elements. The rock elements making up the 
straight portions of the J in the J hook are intended to rest 
tightly against one another or to be made of a log. If a 
root wad is included it is meant to face upstream.  
III. OBJECTIVES 
The research objective is to study existing shallow 
flow installations to develop guidelines for designing 
and installing shallow flow structures as a method of 
stream stabilization and scour protection at or near 
bridge crossings and to define conditions for which 
these non-traditional engineering approaches can be 
applied. These conditions could be formulated into 
design guidelines to allow engineers to use these 
structures appropriately and with numerical and 
empirical data justifying their use.  Specific methods 
used include:  
1. Literature Search to learn from other research on 
this subject. 
2. Evaluate of the performance of shallow flow 
structures in Utah stream reaches. This will be 
accomplished by monitoring of 1) one cross-vane and 
one j-hook structure on Thistle Creek, 2) a series of 
structures on the Left Fork Hobble Creek (designed 
and built by David Rosgen) and 3) a control group 
selected form sites throughout Utah which vary in 
classification, age, and stream type.  
3. Initiate the specification of quantitative 
methodologies for the application of shallow flow 
type scour countermeasures.  This will include the 
determination of the normal failure modes and 
associated critical points for shallow flow structures. 
4. Illustrate the evaluation procedure methodology 
on a specific site.  
5. Preparing guidelines for selecting and designing 
shallow flow structures in streams and rivers next to 
highway crossings. 
A. Literature Search 
The literature review revealed several applications of 
shallow flow structures for scour control. However, long 
term results including life span of those structures were 
not available. Further, specific research on shallow flow 
structures is not extensive. 
The literature further accentuated that the processes 
that influence scour are many, varied, and not completely 
understood. The major parameters that affect the 
selection of a structure and that structure’s performance 
include the river type, stream width, bend radii, flow 
velocity, bed material, ice and debris loads, bank 
conditions and floodplain width (Lagasse 1998). Not only 
is this list long, but many of the items in the list vary 
drastically over time and over the space included in a 
scour counter measure project. Fairly recently the Federal 
Highway Administration has updated the Hydraulic 
Engineering Circulars 18, 20 and 23 based on extensive 
literature searches from around the world. These provide  
very good methodologies to evaluate the scour, and 
stream stability (HEC-18 and 20) and design appropriate 
countermeasures (HEC-23). However, research to 
understand these processes continue, and our 
understanding of scour countermeasures is evolving. The 
literature stresses a need for more data to be compiled 
and studies to be conducted.  No definitive resources are 
available to determine which scour countermeasure is 
most appropriate for a specific situation, nor one set of 
design guidelines to follow once a countermeasure is 
chosen. 
Any scour revetment method chosen, may or may not 
work depending on the unique hydrologic and hydraulic 
circumstances where the countermeasures are placed. 
Several design guidelines have been developed for scour 
revetment and a variety of tools and resources available 
to designers of scour protection. Johnson et al. (2001) 
proposed using a risk base system for choosing the best 
countermeasure. 
The literature review also clearly documents that river 
training structures are a sound engineering approach 
when designed correctly and applied in the correct 
locations and with the correct goals in mind. However, 
evaluation processes that are proposed for applying these 
structures are general guidelines and lack detail. 
Significant risk exists that the correct structure may not 
be chosen, and even if the correct structure is chosen 
design guidelines may not be suitable to the specifics of 
the site in question.  
Detailed design specifications for the structures apply 
to similarly detailed conditions.  It is difficult to install 
shallow flow structures according to design.  Some 
design variables are too sensitive and when installed, the 
structure may not perform as expected.  If an appropriate 
structure is chosen and installed correctly, it is still 
necessary to monitor them. In fact, Richardson (1991) 
proposes the idea that the most important and cost 
effective countermeasure for scour and stream instability 
is monitoring and inspection. Initially, this monitoring 
confirms that the application and performance of the 
structure satisfy the goals of the installation.  Later on 
this monitoring allows for early detection of structure 
failure and correction of problems. 
IV. WORK AND RESULTS 
A. Database 
As part of this research, a database of all installation in 
Utah was completed. The database provides information 
on the location and eventual performance of the 
installations.  The database includes a description of each 
structure, notes on performance, and a time series of 
pictures of the structure.  The design of the database also 
includes the ability to store surveys of the site to track 
bathymetric changes and numerical models of the site 
used for design or analysis. 
Database Information. The database is a tool to store 
shallow flow structure data in an organized way. There 
are two primary types of data stored in this database. The 
first is spatial and the second is event driven data. It also 
contains secondary or supporting data. These data are 
located in a central location where users can access the 
data.  Event driven data is data gathered over time. An 
example would be a descriptive note as to the 
functionality of a specific structure over a several year 
period. From these observations, a list of entries about the 
same structure over the observation period would be 
generated.  Information gathered during the monitoring 
process is event driven data. This data is organized and 
tracked in Access. The event driven data that we are 
collecting are photos, observations, bathymetric surveys 
and pin point surveys.  ArcMap is also used to organize 
spatial data pertaining to the structures. The extent of the 
project is limited to the state of Utah. The layers included 
are: 
o Structures in Utah (location) 
o Watersheds of Utah 
o County Boundaries of Utah 
o Streams of Utah 
o Topographic Maps or Arial Photographs 
(limited to the site) 
ArcMap is used to combine the spatial data with the 
event driven data. The tables created for use in access can 
be imported to ArcMap and analyzed. Analyses that can 
be made are: 
Graphical representations of attributes of SFS ex. types 
of structures 
Graphical representations of failures each year 
 
B.  Detailed Topographic Surveys 
 
As part of this research, several shallow flow structures 
installation in rivers and stream in Utah, were selected for 
survey and study.  The intention of this part of the work 
is: 1. to capture any physical movements of the 
structures,  2. to have data points for statistical analysis in 
the performance of the structures, and 3. to set-up two-
dimensional models to analyze forces acting on these 
structures. 
The selected structures are on regulated and 
unregulated rivers.  Following is a description on the 
work performed on these rivers. 
Provo River 
Three installations were selected on this river.  Using a 
total station, a velocity meter, and range rod, data points 
were gathered for the following: 
Using the bathymetric and bank data, two finite 
element meshes were created for the three reaches. 
Boundary conditions of flow rate and a downstream 
water surface elevation were computed from the velocity 
and depth measurements. 
These initial finite element meshes were analyzed 
using the FESWMS-2DH finite element package which is 
sponsored by the FHWA. The results indicated that 
although, we could predict flow rates, these sites had 
several weaknesses. Namely: 
1. The structures in these sites were not designed 
according to Rosgen methodology. 
2. The flow in this reach of river, while variable, is 
restricted and would never see high flow rates that 
should be analyzed when considering the use of 
Rosgen structures as engineering structures in general. 
3. The data gathered was not highly enough 
resolved to represent the complex nature of the flow. 
Thistle Creek 
The structures on this creek closely match the design 
methodologies defined by Rosgen. The section of the 
stream has seen many reclamation works over the past 
few years and work continues. This area is also of 
interest, because it has had erosion problems historically. 
The goal for the topographical survey was to gather 
high-resolution geometry to accurately model the site in 
FESWMS. Permanent survey points were identified, and 
cross sections measured at one-foot intervals through the 
area of a selected Cross-Vane and J-Hook structure. 
Cross sections were also gathered upstream and 
downstream of the two structures. In addition, velocity 
and depth measurements were taken and approximately 
twenty-five locations to be used for boundary condition 
computation and model verification/calibration. The site 
chosen for modeling includes many structures including 
two Cross-Vanes one J-Hook and a number of spurs.  
Weber River at Rockport Reservoir 
This site is the location of a scour critical bridge for 
which a shallow flow structure was proposed as a scour 
countermeasure.  A detailed survey of the site was 
performed after the structure had been in place for 
approximately one year. 
The goal for this site is similar to that of Thistle Creek. 
In addition, this site may be used as a case study for the 
use of shallow flow structures for bridge protection. 
C.  Monitoring Program 
During the literature review, it was noted that the 
performance of shallow flow structures varied over 
application an time. It was also noted that the durability 
and life span of the structures may be much lower than 
traditional scour countermeasures.  Therefore, part of this 
study was to initiate a monitoring program of several 
structures. This program serves several purposes 
including: 
1. Providing general understanding of structure 
performance in a range of conditions over multiple 
years. 
2. Providing data to be used as a prototype data 
base to track structure performance. 
3. Provide evaluation data points for structure 
durability and efficiency. 
There are various levels of monitoring that we have 
implemented. Types of monitoring methods include: 
o Sketching a site map 
o Using a GPS to obtain coordinates for a 
structure 
o Conducting high density bathymetric surveys 
o Installing fixed points where photos are taken 
o Using photos to document the site 
o Installing pins in rocks and surveying those 
rocks 
o Numerical models 
o Scour analysis. 
 
High density bathymetric surveys were used to create 
3D renderings of the site in SMS. Once the surveys were 
in SMS they were used to evaluate scour and to create 
meshes used with a FESWMS analysis. 
As part of the research, 16 sites are being monitored 
that have 98 structures associated with them.  
D. Two-Dimensional Numerical Modeling 
The Thistle creek site that we have modeled includes 
two separate finite element meshes. They represent two 
reaches of the stream that are very close together. The 
first includes a Cross-Vane structure and the second 
includes a J-Hook.   
 
Figure 1. Layout of mesh for the Cross-Vane Structure. 
 
Figures 1 and 2 show the meshes constructed around 
the Cross-Vane and the J-Hook respectively. The color 
keys in the upper left hand corners indicate elevations. 
These finite element grids were constructed to represent 
each structure element. By using elements down to six 
inches on a side, the meshes define the elevation and 
shape of each boulder, the chutes between the boulders 
and the pools that have formed on both the upstream nad 
downstream sides of the structures. 
 
Figure 2. Layout of mesh for the J-Hook Structure. 
 




Figure 4. Oblique view of the geometry of the J-Hook 
structure. 
 
Figure 3 and Figure 4 show the geometry of the 
meshes from an oblique view. These views accentuate the 
scour holes that are developing downstream of the 
structures. We have monitored these holes over a two 
year period. After two years, we came to the conclusion 
that significant, detrimental scour is occurring and 
structure failure is eminent. On a side note, we observed 
scour that is occurring upstream on the J-Hook. This 
scour upstream was mentioned during one of the 
interviews with structure designers. Evidence supports 
that failure of these structures occurs not only by 
downstream scour, but also by upstream scour. 
V CONCLUSIONS 
We wish to clearly state that the results of this work 
are far from final.  Our understanding of the benefits and 
effectiveness of shallow flow structures continues to 
evolve.  It is clear that these structures are capable of 
modifying the flow of river (Odgaard 1990, Makowski 
1989 and Johnson 2001).  However, due to the wide 
range of conditions and applications, a structure may be 
perfectly reasonable for one purpose, while only a part of 
the solution, or even unreasonable for another purpose.    
A.  Uncertainty 
A critical question that must be resolved when 
determining the applicability of a scour counter measure 
is the level of uncertainty associated with that situation, 
and the level of uncertainty that can be tolerated with a 
solution.  In the case of shallow flow structures, our 
research has reiterated several potential areas of 
uncertainty that were also identified in the literature 
review.  Some of the uncertainties associated with 
shallow flow structures are: 
 
o “Non-transferability” of design criteria. Design 
criteria that are developed in one geographic 
setting may not be successful in another location 
(Harman 2001). Trial and error design processes 
and criteria may produce successful applications 
of the scour countermeasure, but also require 
increased cost due to structure failures and repairs. 
Implicit to this design method is the need for extra 
monitoring throughout the life of the structure. 
o No definitive selection or design methodology. 
o Evolving understanding of scour and scour 
countermeasures. 
o Severity and frequency of debris loads, snags and 
ice.  
o Variability in flow ranges affect what scour 
counter methodologies may apply. Traditionally, 
shallow flow structure designs only treat two to 
five year recurrence intervals.  In some situations, 
this may be the design flows needed for critical 
scour situations.  However, when larger recurrence 
intervals apply, design processes must be altered 
accordingly. 
o Traditional scour counter measures require only 
average workmanship (Yanmaz 2004). However, 
shallow flow structures require for high quality 
workmanship and high quality control (Harman 
2001). 
o Variable failure modes (Johnson 2004), need for 
higher quality control and post construction 
monitoring (Richardson 1991) reduce the cost 
effectiveness of the structures.  In many cases, it 
may even be impossible to determine total costs 
because of unpredictable life spans. 
o Acceptability of concept of sacrificial structures 
o Cost for high workmanship requirements 
o Cost and availability of high quality specific 
dimension rocks 
 
Generally speaking, for all practical purposes the 
FHWA HEC-18, 20 and 23 are the most up to date and 
complete methodology for evaluating river stability and 
scour and choosing an appropriate structure. While using 
the documents it should be kept in mind that not all the 
structures available are addressed directly therein. 
Structures are evolving and changing through the trial 
and error method and are usually just small variations on 
more well-known and studied structures. Shallow flow 
structures are addressed in the HEC documents 
Structures should be installed based on sound 
principles and then be monitored after installation with 
the intent to adjust and maintain the structures over the 
period of their lifetime. 
C.  Failures – Modes and Frequency 
During the course of this research it has become 
evident that shallow flow structures can fail in a variety 
of ways.  In just two years of monitoring between 50-100 
structures, the following have been observed: 
 
o Movement of structure elements due to scour. 
Observations have been made of scour occurring 
both upstream and downstream of the structure 
element. Design specifications include the creation 
of a foundation for each structure element. It 
appears that these principals are either inadequate, 
or are not being followed. 
o Movement of structure elements due to debris. In 
one example a fifty foot log caused the failure of 
three successive structures. 
o Burial of structures due to deposition. 
o River morphology causing the flow to bypass the 
structure entirely.  
 
While all of these failure mechanisms are to be 
expected, the rate of failure over the past two years has 
been alarming. It is our conclusion that quality control in 
all phases of a scour countermeasure project is crucial for 
application success.  This includes higher than standard 
controls on all phases from design to material selection, 
to construction to monitoring. At the same time, it must 
be understood that even the highest quality control, will 
not prevent the some failure mechanisms such as debris 
flows.  
C.  Applicability 
At this point in time it is not recommended that 
shallow flow structures be used as the principle method 
of scour prevention. Two primary reasons are the basis 
for this recommendation. First, the design flood for these 
structures is generally a bank full situation. This is 
traditionally a two- to five-year recurrence event.  While 
this type of event may be the critical flow condition in 
some cases, engineering structures are usually designed 
for higher flow, lower frequency events. The impact of 
these structures changes significantly for larger flow. In 
some situations, the impact the structure makes to protect 
against scour is reduced, while in others, the structure 
may even increase scour.  When installed, these 
structures should be continually monitored throughout 
their service.  
Long term performance of shallow flow structures 
remains a major question.  Our monitoring has shown a 
high failure rate for the structures. Over a two year 
period, all three sites of previous interest (7 structures) 
were significantly impacted. The two structures on 
Thistle creek, monitored as part of phase 1 of this study 
both failed. One failed as the stream actually migrated 
away from the structure and the other was buried. 
Structures on the upper Provo and Rockport were 
severely damaged due to debris flow.  
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